Abstract: Thin layered masonry employs thin mortar joints laid with minimally skilled masons. However, the applicability of this masonry system relies on units made with tighter control of their height. The standard unit height variation is tolerated up to ±2.5 mm, suitable for 10 mm thick conventional masonry. The units of such variation in height cannot, obviously, be employed in the construction of the thin layer mortared masonry. This paper addresses the effect of the variation of the height of the concrete blocks to the shear bond characteristics of thin layer mortared concrete masonry through experimental program and numerical investigations. The results have exhibited that the variability in the height of the units can adversely influence the shear bond strength of the masonry. Variation of height more than ±1 mm from a standard unit height is shown structurally detrimental.
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Introduction
Conventional masonry is labour-intensive; rising cost of labour, diminishing availability of highly skilled masons and the competition from a wide range of new generation materials challenge the viability of masonry as a construction material. This scenario has provided the impetus for the development of 'thin layer mortared' masonry; the main difference between the thin layer mortared masonry and the traditional masonry is in the thickness of mortar layer and the mortar types used. Through the effective usage of mortar dispensers, it has been shown that the thin layer mortared masonry can be constructed by semi-skilled labour, thereby reducing the demand for the high skilled masons. As mortar is dispensed with inexpensive, hand-held tools, the construction productivity is shown to have increased two to three folds (De Vekey, 2003) .
The main challenge in thin layer mortared concrete masonry construction is to manufacture concrete units with high levels of dimensional accuracy conforming to the 'standard' (also known as work-size) unit dimension (especially unit height) hence that the mortar thickness could be maintained uniform along the length of the walling. For the conventional 10 mm thick mortared masonry, the height of units varying up to ±2.5 mm is tolerable. However as the mortar layer thickness in thin layer mortared masonry is 1-3 mm, units must be manufactured with a much tighter tolerance of height. For this reason, units suitable for thin layer mortared masonry construction would have to undergo an additional process of cutting and/or grinding during manufacturing, which would add to its cost. However, use of semi-skilled labour and increased rate of productivity are expected to lower construction costs and hence the overall economy.
Since thin layer mortared concrete masonry is relatively new, only limited studies are found in the literature. The characteristics of thin layer mortar and those of the unit constituents were found to enhance the flexural bond strength of masonry (Marrocchino et al., 2007; Nicholas et al., 2008; Thamboo and Dhanasekar, 2015) . Previously the authors' have investigated the bonding and compressive behaviour of thin layer mortared concrete masonry with different concrete unit surfaces and mortar dispersion methods (Thamboo and Dhanasekar, 2015, 2016a) . It was found that the bond strength of the thin layer mortared masonry with polymer cement mortar is approximately double that of conventional masonry bond. It should be noted that the thin layer mortar requires particles finer than 1 mm (typical sand) -hence polymer is used to compensate the bond lost due to the increased percentage of fine sand usage. Jaafar et al. (2006) reported that the units must be made with ±0.25 mm accuracy for dry stack (or mortarless) masonry based on perceived construction problems at site; it could, therefore, be expected that for thin layer mortared masonry slightly higher height tolerance might be acceptable. Whilst the limit ±0.25 mm refers to the construction, the effect of such tolerances to the structural design parameters has not been examined. Abdou et al. (2006) investigated the shear bond behaviour of the conventional clay masonry made from different brick types (solid, hollow and frogs) and reported that the joint shear behaviour is unaffected by the brick type. Shear bond studies of the conventional masonry reported in the literature Venkatarama Reddy and Uday Vyas, 2008; Abdou et al., 2006; Augenti and Parisi, 2011; Mojsilović, 2012) have used different bricks/blocks and mortar types in their examination of the shear bond strength. However, none of these studies has attended to the effect of variable thickness of mortar layer/unit height to the shear bond characteristics of masonry.
With the advancement of numerical techniques to model the behaviour of masonry assemblies, several researchers have modelled the shear bond behaviour of conventional masonry in the past (Alberto et al., 2011; Fouchal et al., 2009; Giambanco and Di Gati, 1997; Rekik and Lebon, 2010) . New methods for representing the thin layered mortar in masonry have also emerged Dhanasekar, 2013, 2014; Lourenço and Ramos, 2004; Raffa et al., 2016) . However, the problem of unit height variance to the shear bond behaviour was not addressed in those numerical models. Binda et al. (2006) numerically studied the effect of shear in multi-leaf masonry triplets by simulating collar joints with and without shear keys. The masonry was modelled with continuum plane stress elements with Drucker-Prager yield criterion and the collar joint was modelled with line interface elements.
To the best of authors' knowledge, no experimental or numerical study has been reported on the effect the height variation of units to the shear bond strength and deformation properties of the masonry, which is important for successful acceptance of thin layer mortared masonry system as a viable alternative to the conventional masonry. Therefore, in this investigation, an attempt has been made to experimentally and numerically examine the influence of unit height variations to the thin layer mortared concrete masonry shear bond behaviour of mortar layers whose thickness is affected by unit height variance. As tensile bond failure phenomenon is a direct separation of unit and mortar interface, unlike the shear bond failure that is characterised by sliding of surfaces on adjacent bricks, the effect of unit height variation to the tensile bond strength of masonry was not examined.
Experimental program
The experimental program involved careful preparation of units of specified dimensions to achieve the desired design of specimens with prescribed variations in unit height/joint thicknesses within the specimens. For this purpose, five configurations (series 1-5) of the test specimens shown in Figure 1 were constructed and tested.
Series 1 specimens were designed to act as the reference triplets conforming to BS EN 1052 -3 (2002 ; the specimens were made from stack bonded assembly as there were no joints perpendicular to the two vertical mortar joints subject to shear. In series 1, the unit height was set as 54 mm and the mortar joint thickness was set as 2 mm. Series 2 specimens had the same gross dimension as that of series 1, however, horizontal joints (simulating perpends in real construction) were introduced to create running bond configurations; the unit height and mortar joint thickness were kept identical to series 1. Series 2 was kept as a reference series for the running bond specimens; the remaining series 3, 4 and 5 contained varied heights of the units (and hence that of the mortar joints) labelled A-F in Table 1 -therefore, they could be compared with series 2 (and the whole lot can be then compared to series 1 bench-mark triplets).
The series 5 specimens were purposely designed in this research to simulate the worst condition of thin layer mortared masonry construction. In this series, Block F and Block C define the adjacent blocks. Considering vertical symmetry, these blocks vary in thickness of 2 mm (semi thickness of blocks F and C being 29 mm and 27 mm respectively -or, ±2 mm); this leads to each of the vertical joint (simulating bed joint) vary its thickness from 2 mm at the bottom and 0 mm at the top. The 0 mm joint was not kept dry; the blocks were dipped in the mortar and squeezed into position, with the excess oozing out mortar wiped out of the surface. This way it was assumed that the joints did have a bond but the joint thickness was partly (the upper part only) kept zero.
Since the interest of this investigation to study the unit height variation to shear bond strength, the unit heights were varied from the 'base' value of 54 mm. The blocks labelled A to F in Figure 1 had specific dimensions as given in Table 1 . Blocks of these specified dimensions were essential to achieving the stated objectives. 
Blocks
To accurately produce units with tightly controlled desired dimensions in Table 1 , solid concrete blocks of dimension 390 mm (long) × 90 mm (high) × 90 mm (thickness) were cut carefully using a diamond saw cutter as shown in Figure 2 . The blade thickness was 1 mm; therefore, the least dimension of the cut blocks was limited to 1 mm (see Table 1 ). The required dimensions were marked on both sides of the block and each block was cut along the marked line with a tighter accuracy and checked using Verier Callipers at several locations; blocks that exceeded the stated dimensions in Table 1 by more than 0.1 mm were discarded. The properties of the solid concrete blocks used in the investigation are listed in Table 2 . Lateral modulus of rupture 6 ASTM C67-11 (2011) 3.14 8.25
Mortar
Thin layer polymer cement mortar containing maximum sand particle size of 1.0 mm and 4% polymer by volume was used in this investigation. The polymer cement mortar was delivered in a sealed container: preparation involved addition of potable water. The mortar was mixed with a ratio of 250 ml of water to 1 kg of dry mortar mix to obtain the best consistency as shown in Figure 3 . This amount of water was determined after several trials of mortar mixing. The compressive and flexural strengths of polymer cement mortar on the 7th and the 28th days were determined to check their compliance with standards. Cylindrical mortar samples (50 × 100 mm) were made and tested under uniaxial compression. The flexural strength tests were conducted according to BS EN 1015 -11 (1999 for which rectangular beams (40 × 40 × 160 mm) were made and tested under three-point bending. Mean compressive strength of 5.11 MPa (19.0%) and 10.19 MPa (14.0%) were obtained from the 7th and the 28th days polymer cement mortar cylinders respectively. The mean flexural strength of 2.86 MPa (10.0%) and 5.67 MPa (14.0%) were determined as the 7th and the 28th beam specimens respectively. It can be noted that the compressive and the flexural strengths of polymer cement mortar approximately doubled from 7thday of age to 28th day of age.
Masonry
Five series of specimens with nine specimens for each series were constructed and tested. In the series 3 and 4, the top unit of the middle course height was varied (56 mm and 52 mm respectively) to generate unit height variance ±1.0 mm (on each side) from the 'reference' unit height (54 mm). For the series 5, top unit of the middle course height was changed to 58 mm to replicate the worst-case scenario, where the unit dimensional height variance of ±2 mm (on one side) from the 'reference' unit height (54 mm), for +2 mm thick thin layer mortared application, where no mortar could be applied. Due care was taken to build the specimens with the specified dimensions. To construct the specimen without misalignment of units, 'L shaped' rig boards were fabricated as shown in Figure 4 . The specimens were made horizontally on the rig boards where the actual dimensional configurations of the units were first drawn to ensure concise checking of the mortar layer thickness and squareness of the units of the specified dimensions in each Series. With this process, the gross dimensions of triplet specimens were achieved as desired.
The weights of the specimens were measured and given in Table 3 . It can be seen from the Table 3 , where the series had thicker mortar joints (e.g., series 4, with 3 mm joints) had slightly lower mass and the series with higher concrete block dominance (series 2) had slightly higher mass. This shows that the specimens were made with prior care, as it was important to this investigation. It also can be noted that the coefficient of variance of masses was quite low that vindicates the tight control of the construction process employed in this research. Symbol l u in Figure 5 represents the length of the unit (height of specimen). As the vertical mortar joint thickness varied in each series, to conform with this provision of BS EN 1052-3 (2002) different loading plates with appropriate distance to rollers were fabricated as shown in Figure 6 . All tests were performed in a 50 kN Instron machine and the loading was recorded with 0.0001 kN precision at the rate of 0.3 mm/min. Moreover, to avoid steel platen contact-induced bearing failure of the masonry specimen; 3 mm thick pieces of rubber were inserted on both the upper and the lower edges of the steel supports. The deformations of the specimens were captured through non-contact, digital image correlation (DIC) method. The DIC method was decided to employ as the specimens' sizes were relatively small to attached conventional displacement transducers and they may not accurately capture the relatively small deformation. The DIC method was previously used and validated with conventional deformation measuring methods for uniaxial compression, shear and flexural bond behaviours of masonry. More details on the DIC method and its validation can be found in Bandula-Heva et al. (2013) , Zong and Dhanasekar (2014) , Thamboo and Dhanasekar (2016a) and Zahra and Dhanasekar (2017) .
Once the shear triplet was placed under the testing rig and properly aligned, a digital camera was set up approximately parallel to the specimen as shown in Figure 7 on a tripod in such a manner it provides good coverage of the test specimen. Canon EOS 1000D camera with the standard 35 mm lens was used in this investigation. The camera was connected to a computer that controlled the shutter through special purpose software specific to the camera; the memory of the camera was sufficient to store all images for each test; hence, there was no need to download images during the testing. Each test took approximately 3-4 min; therefore, digital images were taken at 5 s interval. Approximately 40-50 images were obtained from each test and used in the deformation analysis. 3 Results and discussion
Failure mode
All the failures of specimens occurred through mortar unit interface as illustrated in Figure 8 . The failures were sudden and brittle. It can be said that the unit height variance did not change the failure pattern of the thin layer mortared concrete masonry failure under shear loading. 
Shear strength
The shear bond strength in thin layer mortared concrete masonry was studied through the five-different configuration of bedding arrangement to incorporate the unit height variance in masonry. The results of all series are given in Table 4 . The average shear bond strength specimens varied between 0.58 MPa to 1.11 MPa. Some other parameters (surface texture, polymer content, and mortar application methods) that influence the shear bond strength (triplets) of thin layer mortared masonry with polymer cement mortar (PCM) were previously investigated by Thamboo et al. (2013a) and Thamboo and Dhanasekar (2015) . Those shear bond strengths varied from 0.5 MPa to 1.29 MPa. Therefore, this investigation further validates that the shear bond strength of PCM is higher than conventional masonry. The influence of mortar bedding type to shear bond strength can be compared from series 1 and series 2. The stack bonded and the running bonded triplets have exhibited an almost same level of strengths, with the average shear bond strength of stack bonded specimen just 5% higher. Running bonded triplet test result can be used as conservative results for masonry design practice.
The effect of unit height variation to the shear bond strength can be inferred from the results of series 2, 3, 4 and 5; no significant variation in shear bond strength could be seen between series 2 and 3 (average shear bond strength of 1.06 MPa and 1.08 MPa, respectively). Series 4 showed 12% reduction in shear bond strength compared to series 2 and 3, which is within an acceptable level of variation of masonry strength properties (generally up to 15%).
Series 5 gave the lowest shear bond strength out of all the series. The shear bond strength was 0.58 MPa, which is 45% lower than the base case (series 2) and 48% less than the standard triplet test (benchmark series 1). Difficulties of placing mortar within the tighter space of part of the specimen (not the whole of the specimen) clearly have contributed to the lowered shear bond strength. From the above observations, it can be concluded that unit height variation in the range of ±0.5 mm from the reference height does not affect the shear bond significantly because still there would be 1 mm thick mortar can be applied between units. However, the unit height variation in the range of ±1 mm, even for part of masonry, from reference height does affect the shear bond strength adversely.
Deformation characteristics
The deformations are generally measured in experiments over a specified gauge length to determine representative average strains. The shear strains along the unit-mortar interface have been measured for the specimens and the average strains are plotted against the relevant stress values.
Method of deformation measurement
Initially for the DIC analysis, the area of interest was divided into a gird of patches as shown Figure 9 . The size of a patch and the distance between patches can be decided based on the analysis requirements. A set of pixel coordinates of the patch centre locations for each of the successive images is first generated as shown in Figure 9 . The displacement vector in of each patch during the interval between successive images (i.e., deformed specimen) is found by locating the peak of autocorrelation image function of each patch. The peak in the autocorrelation function indicates that two images of each particle captured in the images exactly overly on each other. Therefore, the correlation offset is equal to the displacement vector. Digital images taken at 5 s interval from start to the end of each test (as described in Section 2) resulted in a total of 40-50 images. These images were analysed to obtain strain information.
The procedures of analysing the images are illustrated through typical examples shown in Figure 9 for a specimen. Midpoints of two patches P 1 and Q 1 , were selected to analyse the shear strain at the unit-mortar interface of triplets. In order to calculate the shear strain, the vertical coordinate differences between the points P 1 -Q 1 and the horizontal coordinate differences between P 1 -Q 1 (in every successive image from initial undeformed image) were considered and the shear strains were calculated. A zone of 60 × 160 mm was chosen for the analysis of all specimens. This zone was divided into 16 × 34 patches, with the size of a typical patch as 50 × 50 pixel. The shear strain is calculated from the equation (1) 
The evaluation of the shear stress vs. the shear strain at the unit mortar interface with different specimen combinations are presented in Figure 10 . One should note that the post-peak deformation behaviour of specimens could not be captured as the failures were sudden and brittle. The ultimate strain of most for the combination is in the range of 2000-3000 µ. When compared to conventional masonry bond shear strain deformation the thin layer mortared concrete masonry triplet specimens exhibited slightly higher linear elastic deformation with low stiffness (Abdou et al., 2006; . The larger shear strain could be due to the higher frictional dissipation capacity of thin layer joint with polymer mortars. The series 5 shows higher shear strain at lower load levels, this could be due to the non-mortar joints at the interface level and higher slip occurred at those joints. It could be probable that the shear deformation was concentrated in the joints, i.e., between the mortar joint and masonry units. Subsequently, no softening was recorded in those series. The dilatancy of thin layer mortared concrete masonry was checked from digital image analysis. The dilatancy in masonry measures the uplift of one unit over the other upon shearing. The characteristic of dilatancy is that it decreases to zero under increasing shearing displacement due to the smoothing and sliding of the sheared surfaces. Since the softening behaviour of specimens was not obtained completely in deformation analysis, dilatancy was checked at the ultimate failure load from image analysis. It was found from the calculation that the dilatancy was is in the range of 0.01-0.001 and lower for all series. It was observed that the very less tangential displacement occurred during the shear sliding of the specimens. Therefore, the dilatancy of thin layer mortared concrete masonry appeared to be less than the commonly reported conventional masonry dilatancy values in literatures (Augenti and Parisi, 2011; . The lower dilatancy could be due to high both strength of thin layer mortared joint and brittle behaviour in this masonry.
The secant shear modulus was calculated at one-third of the peak shear stress and corresponding shear strain from Figure 9 and presented in Table 5 . It can be seen, as depicted in shear bond strength the shear modulus also varied in a similar analogy, where higher bond strength series lead to the higher shear modulus. 
Numerical simulations
This section deals with numerical simulation of the experimental tests to further understand the behaviour of thin layer mortared concrete masonry triplets with varying unit heights. The plane stress concept has been adopted for modelling the shear specimens in numerical finite element framework. The micro modelling technique of masonry is used this investigation. The block and the mortar of the shear assembly were modelled with 4-node bilinear plane stress quadrilateral reduced integration element (CPS4R) in Abaqus finite element package. For masonry constitutive behaviour (i.e., block and mortar), concrete damage plasticity model with modified Drucker-Prager failure criterion was used. The damage model assumes that the main two failure mechanisms that are tensile cracking and compressive crushing. These types of compression crushing and tensile cracking are a common type of failures in quasi-brittle materials like concrete and cement mortar. For compressive type of stress, crushing is assumed to occur when reaches the critical compressive strength. For a tensile stress state, the cracking is assumed to occur when the state of stress reaches the critical tensile strength value. Therefore, when the state of stress reaches a certain critical value the material fails by cracking or crushing.
For the masonry interface, unilateral interface and friction effects were taken to define the interface behaviour of masonry. A constitutive law accounting for the tractionseparation contact of the interface was adopted for this purpose. The traction-separation model assumes initially linear elastic behaviour of interface followed by the initiation and evolution of interface damage. The elastic behaviour is written in terms of an elastic constitutive matrix that relates the normal and shear stresses to the normal and shear separations (displacements) across the interface. More details on the modelling method can be found in Thamboo (2014) and Thamboo and Dhanasekar (2016b) . The material properties adopted for block and mortar are given in Table 6 .
Four elastic parameters for block and mortar; four elastic strength limits (σ c and σ t ); four strain limits (ε c and ε t ) had to be defined for material constitutive modelling for block and mortar. Table 7 gives the values of interface properties of masonry. The interface elastic properties, i.e., normal and shear stiffness: Interface limiting normal and shear stresses; and fiction angle has to be assigned to simulated the masonry interface behaviour. The block and mortar properties and the thin layer mortar interface properties were taken from authors' previous material testing and bond study data on such masonry system (Thamboo et al., 2013b; Thamboo and Dhanasekar, 2016a) . Table 6 Elastic and inelastic properties for block and mortar
Material properties Concrete unit Mortar
Elastic modulus (MPa) 10,000 5000
Poisson's ratio, υ 0 FE mesh convergence analysis was conducted to determine the efficient and accurate element size in the model. In terms of accuracy and computational time, the element size of 3 × 3 mm was selected from the convergence study in FE modelling. The FE model of series 1 and 2 similar to the experimental set-up is illustrated in Figure 11 . Due to symmetry only one-half the triplet was modelled. The bottom block movement was restrained vertically as according to the real experimental scenario. Similar to the experimental condition, increasing monotonic displacement control loading was applied to the same distance at the top middle block as shown in Figures 11(a) and (b) . Figure 12 depicts the numerical shear bond failure of triplet specimens of series 1, 2 and 5. The numerical models depict similar interface sliding bond failure as observed in the experimental investigations. The variations in unit height did not change the failure pattern of models. Figure 13 shows the numerical and experimental plots of shear stress vs. shear strain of series. The fairly good agreement was found between experimental and numerical approach. It can be noticed, there are few variations in experimental and numerical response curve near ultimate failure region. It could be due to the limited obtained experimental response through DIC analysis. It was found that shear sliding behaviour did not change noticeably in between series 2 to 5. Therefore, it could be confirmed further that the unit height variance around ±0.5 mm, would not change the shear bond behaviour of 2 mm joint thin layer mortared concrete masonry. Figure 14 illustrates vertical stress variation of series 2 to 5. It can be seen from stress distribution that the change unit height in middle top block did not alter the stress distribution significantly. Therefore this also confirms that the unit height variation around ±0.5 mm would not alter the shear bond response of thin layer mortared concrete masonry. 
Conclusion
An investigation of the effect of unit height variation to the shear bond behaviour of thin layer mortared concrete masonry has been reported in this paper. A total of 45 shear bond specimens were constructed and tested according to BS EN 1052 -3 (2002 . The 45 specimens comprised of five different series of unit-mortar bedding configuration with varying unit heights. A method of non-contact digital image analysis was used to measure the shear deformation of the mortar joint and unit surface interface. The experimental results were further validated through numerical analysis. The main conclusions of the present study are:
• The shear bond strength of thin bed masonry is higher than conventional masonry. Polymer cement mortars can be used in thin layer mortared concrete masonry to improve the bond strength in masonry.
• The unit dimensional variation on shear bond strength is minimal, where zero unit dimensional tolerance (series 2 vs. series 1) and ±1 mm tolerance (series 3 and 4 vs. series 2) showed no significant variation in shear bond strength and shear deformation. Therefore, it can be concluded, in thin layer mortared concrete masonry maximum of ±0.5 mm unit dimensional tolerance can be adopted during manufacture of units.
• When the unit dimensional tolerance was ±1.0 mm (series 5 vs. series 1), the shear bond strength dropped significantly -although only part of the specimen had such high variation of unit height. Therefore, it is concluded that the unit height variation should not be ±1.0 mm for thin layer mortared concrete masonry employing 2mm thick mortar joints.
• The numerical technique developed to analyses masonry triplet predicted the experimental behaviour of different triplet configurations and further validated the experimental findings.
The present study is helpful to better understand the behaviour of thin layer mortared concrete masonry systems. The outcome of the research study could guide the unit manufactures about the control of proper unit dimensional tolerance. The tighter height tolerance of thin layer mortared concrete units will lead to robust thin bed concrete masonry construction.
